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ABSTRACT
Employing Solar Dynamics Observatory (SDO)/Atmospheric Imaging Assembly (AIA) multi-
wavelength images, we report the coronal condensation during the magnetic reconnection (MR) be-
tween a system of open and closed coronal loops. Higher-lying magnetically open structures, observed
in AIA 171 A˚ images above the solar limb, move downward and interact with the lower-lying closed
loops, resulting in the formation of dips in the former. An X-type structure forms at the interface.
The interacting loops reconnect and disappear. Two sets of newly-reconnected loops then form and
recede from the MR region. During the MR process, bright emission appears sequentially in the AIA
131 A˚ and 304 A˚ channels repeatedly in the dips of higher-lying open structures. This indicates the
cooling and condensation process of hotter plasma from ∼0.9 MK down to ∼0.6 MK, and then to
∼0.05 MK, also supported by the light curves of the AIA 171 A˚, 131 A˚, and 304 A˚ channels. The part
of higher-lying open structures supporting the condensations participate in the successive MR. The
condensations without support by underlying loops then rain back to the solar surface along the newly-
reconnected loops. Our results suggest that the MR between coronal loops leads to the condensation
of hotter coronal plasma and its downflows. MR thus plays an active role in the mass cycle of coronal
plasma because it can initiate the catastrophic cooling and condensation. This underlines that the
magnetic and thermal evolution has to be treated together and cannot be separated, even in the case
of catastrophic cooling.
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1. INTRODUCTION
Magnetic reconnection (MR), the reconfiguration of magnetic field geometry, is a fundamental process in magnetized
plasma systems throughout the universe, such as accretion disks, solar and stellar coronae, planetary magnetospheres,
and laboratory plasmas (Priest & Forbes 2000). It is considered to play an essential role in the rapid release of
magnetic energy and its conversion to other forms, e.g. thermal, kinetic, and particles (Priest & Forbes 1986, 2000).
In solar physics, numerous theoretical concepts of MR have been used to explain various features, e.g. flares, filament
eruptions, and coronal mass ejections (Shibata 1999; Lin & Forbes 2000; Mei et al. 2017). In two-dimensional
models, MR occurs at an X-point where anti-parallel magnetic field lines converge and reconnect (Priest & Forbes
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1986, 2000). The process of MR is difficult to observe directly. However, coronal structures, e.g. loops, and their
structural changes often outline the magnetic field topology and its evolution, because the magnetic flux is frozen into
the coronal plasma (Su et al. 2013; Li et al. 2016a). So far, using remote-sensing observations, many MR signatures
have been reported, e.g. cusp-shaped post-flare loops (Tsuneta et al. 1992; Yan et al. 2018), loop-top hard X-ray
sources (Masuda et al. 1994; Su et al. 2013), MR inflows (Yokoyama et al. 2001; Li & Zhang 2009; Yang et al.
2015; Huang et al. 2018) and outflows (Takasao et al. 2012; Tian et al. 2014; Li et al. 2016c; Ning 2016), supra-
arcades downflows (McKenzie 2000; Innes et al. 2003; Savage et al. 2012; Li et al. 2016b), current sheets (Liu et al.
2010; Kwon et al. 2016; Li et al. 2016a,b, 2018; Xue et al. 2018), and plasmoid ejections (Kumar & Cho 2013;
Yang et al. 2017, 2018; Zheng et al. 2017).
The condensation of cool plasma out of the hot corona is a widely observed phenomenon best seen at the so-
lar limb. One widely investigated concept for this process is based on the thermal properties of the plasma alone
(Mu¨ller et al. 2003). It is independent of the (evolution of the) coronal magnetic field, and only the loss of equilibrium
between heat input, heat conduction and radiative losses causes the plasma to cool catastrophically (Xia & Keppens
2016). In numerical models, thermal instabilities occurring within a current sheet and an accompanying MR result
in the formation of a quiescent (current sheet) prominence (Smith & Priest 1977; Malherbe et al. 1983). On the
other hand, MR can create a helical flux rope, and the cooling radiation and condensation of plasma trapped inside
the flux rope form the cool dense plasma of prominences (Pneuman 1983; Kaneko & Yokoyama 2015). Recently,
Kaneko & Yokoyama (2017) propose a MR-condensation prominence formation model, and demonstrate that MR
can lead to flux rope formation and radiative condensation under certain conditions. Employing Solar Dynamics Ob-
servatory (SDO, Pesnell et al. 2012)/Atmospheric Imaging Assembly (AIA, Lemen et al. 2012) images, the cooling
and condensation of coronal plasma are observed in a loop system (Liu et al. 2012) and a coronal cavity (Berger et al.
2012) for prominence formations, and in an active region loop (Vashalomidze et al. 2015) for coronal rain formation,
respectively.
In this Letter, we study the MR between coronal loops, and firstly report the cooling and condensation of coronal
plasma during the MR. The observations and results are presented in Sections 2 and 3, and a summary and discussion
is presented in Section 4.
2. OBSERVATIONS
AIA is a set of normal incidence imaging telescopes, acquiring solar atmospheric images in ten wavelength bands.
Different AIA channels show plasma at different temperatures, e.g. 171 A˚ peaks at ∼0.9 MK (Fe IX), 131 A˚ peaks
at ∼0.6 MK (Fe VIII) and ∼10 MK (Fe XXI), and 304 A˚ peaks at ∼0.05 MK (He II). In this study, we employ AIA
171 A˚, 131 A˚, and 304 A˚ images, with spatial sampling and time cadence of 0.6′′ pixel−1 and 12 s, to investigate the
evolution of MR between loops and coronal condensation.
3. RESULTS
On January 19, 2012, above the northwestern solar limb, sets of loops were observed in AIA 171 A˚ images. The field
of view (FOV) of the region-of-interest with respect to the full Sun is denoted by the red rectangle on the white circle
in Figure 1(a). For better displaying the evolution of loops, AIA images are rotated counter-clockwise by an angle of
40◦. Thus the portion of the limb in the region-of-interest is roughly horizontal in the images presented here.
3.1. MR between coronal loops
The loops L1, show curved open structures with a dip, denoted by a red arrow, at a height of ∼125Mm above the
limb, see Figure 1(a). Since ∼01:00 UT, the dip of loops L1 moves down toward the solar surface, becoming deeper,
see Figure 1(b), and interacts with the underlying closed loops L2, see Figure 1(c). An X-type structure is formed at
the interface of these two loops, enclosed by the green and blue dotted lines in Figure 1(c). The interacting loops L1
and L2 disappear, and two sets of new loops L3 and L4, marked by the red and cyan dotted lines in Figure 1(c), form
and retract away from the interacting region horizontally. This evolution of loops moving in (L1 and L2) and out (L3
and L4) of an X-type configuration well captures the ongoing MR. The MR continues until ∼23:00 UT, lasting for
∼22hr (see Animation 1).
Employing the potential field source surface (PFSS) model1 (Schatten et al. 1969) which provides an approximate
description of the solar coronal magnetic field based on the observed photospheric magnetic fields (magnetograms), we
1 More information of PFSS model we employed can be found at http://www.lmsal.com/∼derosa/pfsspack/
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derive the coronal magnetic field in a spherical shell spanning radial distances from 1.0 to 2.5 solar radii. The green
and blue lines in Figure 1(d) show the selected open and closed field lines. They clearly resemble the observed loops
L1 (open) and L2 (closed) in Figures 1((a)-(c)), supporting that the magnetic flux is frozen into the plasma trapped
in the coronal structures. According to the PFSS coronal field, the loops L1 root in the negative polarity magnetic
concentrations, and the loops L2 connect the right positive and left negative polarity magnetic concentrations, in the
quiet Sun. From the combination of the PFSS field lines and the LASCO/C2 coronagraph image in Figure 1(e), we
see bright streamer-like structures in the outer corona, consistent with the PFSS open field lines (see the green lines
in Figure 1(e)). This further supports that the loops L1 show open coronal field lines.
Along the red line AB in Figure 1(b), a time-slice of AIA 171 A˚ images is made, and displayed in Figure 2(a). It
indicates that the loops L1 move slowly with mean speeds of 2-7 km s−1, and accelerations of 0.1-0.8 m s−2. Moreover,
several fine structures of loops L1 are detected, marked by the green arrows in Figure 2(a). Along the blue line CD
in Figure 1(c), another time-slice of AIA 171 A˚ images is made, and shown in Figure 2(b). The retractions of the
newly-reconnected loops L3 and L4, marked by green and cyan dotted lines in Figure 2(b), are detected away from the
MR region between loops L1 and L2, with mean speeds of ∼2 km s−1 and ∼10 km s−1, respectively. Moreover, the
loops L4 move backward, perturbed by the neighboring filament eruption, with a mean speed of 4 km s−1, denoted by
the blue dotted line in Figure 2(b).
In the blue rectangle, enclosing the dip region of loops L1, in Figure 1(b), the light curve of the AIA 171 A˚ channel
is calculated, and displayed in Figure 2(a) as a blue line. It increases first, reaches the peak at ∼05:40 UT, and then
decreases slowly, concurrent with the downward motion of loops L1 and the MR between loops L1 and L2.
3.2. Coronal condensation
Along with the downward motion of the dip of AIA 171 A˚ loops L1, see Figures 3((a)-(c)), a bright emission appears
in AIA 131 A˚ images since ∼02:00 UT in the dip region, see Figures 3((d)-(f)). As there is no associated observation of
the bright emission in AIA higher-temperature channels, e.g. 193 A˚, 211 A˚, 335 A˚, and 94 A˚, the AIA 131 A˚ emission
thus shows the cooler (∼0.6 MK) rather than the hotter (∼10 MK) plasma, cooler than the emitting plasma detected
by the AIA 171 A˚ channel (∼0.9MK). Together with the AIA 171 A˚ loops L1, the AIA 131 A˚ emission also moves
downward with similar speeds (see Animation 1). In the yellow rectangle in Figure 3(e), the light curve of the AIA
131 A˚ channel is calculated, and displayed in Figure 2(a) as a green line. It first increases, reaches the peak, and then
slowly decreases, similar to that of AIA 171 A˚ channel (the blue line). However, it peaks at ∼06:10 UT, ∼30min after
the peak of AIA 171 A˚ light curve.
Since ∼05:05 UT, a bright condensation appears in AIA 304 A˚ channel that shows much cooler (∼0.05MK) plasma,
see Figures 3((g)-(i)). It first appears at the right edge, rather than the bottom, of the dip region, see the ellipses in
Figures 3(b), (e), and (h), and then extends to both sides along the loops L1 with a mean speed of ∼8 km s−1. In the
yellow rectangle in Figure 3(i), the light curve of the AIA 304 A˚ channel is measured, and shown in Figure 2(a) as a
red line. Similar to those in the AIA 171 A˚ and 131 A˚ channels, it increases quickly after its appearance, reaches the
peak, and then decreases. However, it peaks at ∼07:00 UT, ∼50 (80)min later than the peak of AIA 131 (171) A˚ light
curve.
The images and light curves of the AIA 171 A˚, 131 A˚, and 304 A˚ channels clearly show the cooling and condensation
process of hotter coronal plasma in the dip region of loops L1. This indicates that the coronal plasma cools down from
∼0.9 MK, the characteristic temperature of AIA 171 A˚ channel, to ∼0.6 MK, the characteristic temperature of AIA
131 A˚ channel, in ∼30 min, and then to ∼0.05 MK, the characteristic temperature of AIA 304 A˚ channel, in ∼50 min.
3.3. Condensation downflows
The condensation appears and moves higher away from the lower edge of loops L1, see the red ellipse in Figure 3(b).
Along with the successive MR between loops L1 and L2, the part of field lines of loops L1, supporting the condensation,
take part in the MR. Newly-reconnected loops L3 and L4 then form. Lacking the support by lower-lying loops L1,
since ∼05:47 UT, the condensation flows toward the chromosphere first along the left leg of loops L4, see Figure 4(a).
Along the blue line EF in Figure 4(a), we make a time-slice of AIA 304 A˚ images, and show it in Figure 4(c). Multiple
downflows are detected, with a mean speed of 60 km s−1.
Since ∼06:40 UT, the condensation flows along the right leg of loops L4, see Figure 4(b). A time-slice of AIA
304 A˚ images is made along the blue line GH in Figure 4(b), and displayed in Figure 4(d). It indicates that the
condensation first flows slowly, and then moves quickly, with a speed of 100 km s−1 and an acceleration of 40 m s−2.
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This flow pattern repeats itself frequently over the course of two hours. The spatial relation between condensation
downflows and loops is displayed in Figure 5.
4. SUMMARY AND DISCUSSION
Employing SDO/AIA multi-wavelength images, we study the evolution of the MR between two sets of coronal loops
L1 and L2, and the following condensation of hotter coronal plasma in the dip region of loops L1. The loops L1 show
curved open structures with a dip in AIA 171 A˚ images. They move downward and reconnect with the lower-lying
closed loops L2. Newly-reconnected loops L3 and L4 form, and retract away from the MR region. Along with the MR,
bright emission appears sequentially in the AIA 131 A˚ and 304 A˚ channels. The cooling and condensation of hotter
coronal plasma takes place repeatedly in the dip of loops L1. The time delays between the peaks of the light curves
of the AIA 171 A˚ and 131 A˚ channels, and the AIA 131 A˚ and 304 A˚ channels, are 30 and 50min, respectively. Due
to the successive MR, the condensation, without support by lower-lying loops L1, flows toward the chromosphere first
along the left leg, and then along the right leg, of the newly-reconnected loops L4.
According to the AIA extreme-ultraviolet (EUV) observations and the PFSS coronal magnetic field, schematic
diagrams are provided in Figure 6 to describe the evolution of MR and coronal condensation. A set of open field lines
(L1) come close to a region with closed field lines (L2), see Figure 6(a), forming a dip in the former. Between them
MR takes place, and newly-reconnected field lines (L3 and L4) form, see Figure 6(b). Coronal material is gathered in
the dip and cools, see Figure 6(b). Through a loss of thermal equilibrium triggered by the MR, a condensation forms,
and then slides down along the newly-formed field lines (L4), see Figure 6(c).
The convergence of loops L1 and L2 toward an X-structure, and the retraction of newly-formed loops L3 and L4
away from the X-structure show clear observational evidence of MR occurring in the X-structure. The MR lasts for
∼22hr, much longer than any other MR events abundantly encountered on the Sun, which typically last only a few
minutes, such as explosive events, EUV bursts, and jets, to a few hours, such as in flares. Both loops L1 and L2 are
rooted in quiet Sun regions, with weaker magnetic field. Because much less magnetic flux reconnects in a much longer
time, one can imagine that the MR rate here is much smaller, consistent with the observations that no associated
flaring activity is detected during the MR in our case.
Large coronal condensations are rarely observed. In this study, the coronal plasma cools from the AIA 171 A˚ channel,
rather than other AIA higher temperature channels, e.g. 193 A˚ (Liu et al. 2012) and 211 A˚ (Berger et al. 2012).
The time delay between the AIA 171 A˚ and 304 A˚ channels is 80min, similar to Vashalomidze et al. (2015), but less
than Liu et al. (2012) and Berger et al. (2012). Moreover, the AIA 131 A˚ channel is employed to better show the
cooling process of coronal plasma.
Condensations of plasma along open field lines are found. So far coronal rain has been reported to occur only along
preexisting structures that are magnetically closed (Antolin et al. 2001; Schrijver 2001). When considering the AIA
304 A˚ images alone, the condensations here would also resemble that occurring in closed loops. However, the source
region for the condensation is the magnetically open structure L1 that forms a dip where the condensation takes place.
In the later stages the condensation rains down not only along the leg of that open structure L1, but also through
the MR region and down along the leg of the newly-reconnected field lines L4. This provides a new and alternative
mechanism for the formation of coronal rain away from the magnetically closed regions that is initiated by MR.
In traditional models, the thermal evolution, i.e. condensation, and the evolution of the magnetic field are treated
separately (Mu¨ller et al. 2003; Xia & Keppens 2016). Mostly, it is assumed that the condensations form through
a loss of equilibrium between heating and cooling. If the field line is stretched in the horizontal direction, and the
condensation contains sufficient mass, then the field line would form a dip and plasma will remain in the lower
density corona within the dip (Karpen et al. 2001). Alternatively, MR can cause a helical structure with numerous
dips during the prominence formation (Pneuman 1983; Kaneko & Yokoyama 2015). Considering the energy balance
along these structures, one then gets condensations and plasma is trapped, again, in these dips (Pneuman 1983;
Kaneko & Yokoyama 2015, 2017). In this Letter, both dips and condensations in the dips are formed, and they would
resemble the prominence formation models (Pneuman 1983; Kaneko & Yokoyama 2015). However, the condensation
remains for only a short time, and then rains down to the chromosphere when the dips are broken by the successive MR.
In our study, we show that the MR and the condensation cannot be treated separately, but that plasma condensation
naturally arises during the MR process.
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Figure 1. Evolution of the coronal emission and magnetic field lines from a PFSS model. ((a)-(c)) AIA 171 A˚ images. ((d)-(e))
Coronal magnetic field lines derived from the PFSS model. The red rectangle on the white circle in (a) indicates the location of
FOV of ((a)-(c)) with respect to the full Sun. The AIA images are rotated counter-clockwise by an angle of 40◦. The white and
red arrows N and W in (a), (b), and (d) show the north and west directions in the FOVs of AIA before and after the rotation,
respectively. The cyan rectangle in (a) shows the FOV of Figure 3, and the blue rectangle in (b) marks the region for the light
curve of the AIA 171 A˚ channel as displayed in Figure 2(a) by the blue line. The green, blue, red, and cyan dotted lines in (a)
and (c) outline the coronal loops L1, L2, L3, and L4, and the red solid arrows in (a) and (d) mark a dip of loops L1. The red
and blue lines AB and CD in (b) and (c) separately indicate the positions of time-slices of AIA 171 A˚ images as displayed in
Figures 2(a) and (b). In (d) and (e), the blue and green lines represent the closed and open PFSS coronal magnetic field lines at
00:04:00 UT (d) and 06:04:00 UT (e), respectively, and the inner gray-scale images show the line of sight (LOS) magnetograms
in a range of ±100 Mx cm−2. In (e), the outer image displays the LASCO/C2 coronagraph image at 09:48:05 UT, and the
dashed line describes the upper radial boundary of the PFSS model corona, also called the source surface, at 2.5 solar radii.
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programme under the Marie Sklodowska-Curie grant agreement No. 707837. Project supported by the Specialized
Research Fund for Shandong Provincial Key Laboratory.
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Figure 5. Spatial relation between condensation downflows and loops. AIA 171 A˚ (a), 131 A˚ (b), and 304 A˚ (c) images, and
their composite (d), with the same FOV as in Figures 1((a)-(c)) and 4((a)-(b)). (An animation of this figure is available.)
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Figure 6. Schematic diagrams of the MR and coronal condensation. In ((a)-(c)), the grey thick lines denote the solar limb.
The green, blue, and green-blue lines separately show the magnetic field lines of loops L1, L2, L3, and L4, whose directions are
marked by the red arrows. In (a), the green arrow denotes the dip of loops L1 and also the moving direction. In (b) and (c),
the purple stars show the MR between loops L1 and L2. The green, yellow, and red patches indicate the AIA 171 A˚, 131 A˚, and
304 A˚ plasma, respectively.
